Accumulating evidence strongly supports the premise that testosterone may be a key player in fetal programming on hypertension. Studies have shown that gestational protein restriction doubles the plasma testosterone levels in pregnant rats. In this study, we hypothesized that elevated testosterone levels in response to gestational protein restriction were caused by enhanced expression of steroidogenic enzymes or impaired expression of Hsd17b2, a known testosterone inactivator that converts testosterone to androstenedione in placenta. Pregnant Sprague-Dawley rats were fed normal (20% protein, control; n ¼ 10) or a low-protein diet (6% protein, PR; n ¼ 10) from Day 1 of pregnancy until killed at Days 14, 18, or 21. Junctional (JZ) and labyrinth (LZ) zones of placenta were collected for expression assay on steroidogenic genes (Cyp11a1, Hsd3b1, Cyp17a1, Hsd17b2, and Srd5a1) by real-time PCR. The main findings include the following: 1) expressions of Cyp11a1, Hsd3b1, and Cyp17a1 in JZ were not affected by diet but were affected by day of pregnancy; 2) expression of Hsd17b2 in both female and male JZs was remarkably increased by PR at Days 18 and 21 of pregnancy; 3) expressions of Hsd17b2 were reduced by PR in both female and male LZ at Day 18 of pregnancy and in female LZ at Day 21 of pregnancy; and 4) expression of Srd5a1in LZ was not affected by day of pregnancy, gender, or diet. These results indicate that in response to gestational protein restriction, Hsd17b2 may be a key regulator of testosterone levels and associated activities in placental zones, apparently in a paradoxical manner.
INTRODUCTION
Accumulating evidence indicates that offspring from dams with gestational protein restriction develop hypertension and other cardiovascular diseases in adulthood, and this occurs in a gender-and time-dependent manner, with an earlier onset and more severe hypertension in males compared with females [1] [2] [3] [4] [5] [6] [7] . Among the potential multiple factors responsible for the fetal programming on adulthood hypertension and cardiovascular diseases, the placenta may contribute largely to the process of programming, apparently because of its critical roles in hormone production and nutrient transport [8] [9] [10] [11] and susceptibility to external stimuli, including nutritional and hormonal interruptions and stress during pregnancy [12] [13] [14] .
Two distinct placental zones in rodents, the junctional (JZ) and the labyrinth zones (LZ), execute different functions. The JZ is responsible mainly for hormone production, while the LZ represents the main place for maternal-fetal hemotrophic exchange in rodents [15] . In JZ, the presence of the steroidogenic enzymes provides the machinery for androgen production ( Fig. 1) . The rodent placenta, in particular, provides the majority of androstenedione in late pregnancy, and androstenedione is the sole substrate in estrogen production in the corpus luteum [16] [17] [18] [19] . Therefore, the androgen production in the placenta is of great significance in maintaining a normal pregnancy in rodents. Similarly, LZ is of great importance in fetal survival and development. Maternal blood flows through irregularly shaped spaces, while fetal blood circulates within the fetal capillaries [20] . The LZ undergoes rapid and intense angiogenesis, resulting in expanded maternal blood space and progressive fetal capillary development in mid-and late pregnancy, which may be one of the mechanisms responsible for the remarkable increase in placental efficiency in late pregnancy [15, 20] . In addition to nutrient transport, the placenta, especially the LZ, builds functional barriers at the maternal and fetal interface to prevent fetal overexposure to certain bioactive reagents, such as glucocorticoids [21] [22] [23] and monoamines [24] , and to maintain normal fetal growth. The insufficient placental barriers may be responsible for adulthood cardiovascular, metabolic, neuroendocrine, and psychiatric disorders in the progeny [22] .
Pregnant rats subjected to protein restriction have been widely used in the study of metabolic programming and associated offspring hypertension [25] . Although the underlying mechanisms remain unclear, the placenta, the mediator between mother and fetus, is affected by gestational protein restriction in many aspects. First, a microarray analysis with limited probe sets demonstrated that gestational protein restriction in the mouse has deleterious effects on placental development, with altered expression of genes related to cell growth and metabolism, apoptosis, and epigenetic control [26] . Second, placental nutrient transport including neutral amino acids [27, 28] was impaired by dietary protein restriction. Third, the renin-angiotensin system, which normally demonstrates dynamic changes in mid-and late pregnancy, was altered in both the LZ [29] and the uterine artery [30] by gestational protein restriction. The resultant reduction of uteroplacental blood flow and the associated uteroplacental insufficiency may finally cause intrauterine growth retardation [31] . Fourth, placental androgen production may be affected, as protein restriction alters the endocrine status of pregnant rats to include elevated plasma levels of testosterone and estradiol [32] and reduced plasma levels of progesterone [33, 34] . However, the reason for the elevated plasma testosterone in pregnant rats with protein restriction is unknown.
The elevated testosterone levels are associated with pregnancy-related complications, such as preeclampsia [35] [36] [37] and polycystic ovarian syndrome [38] in humans. More important, emerging evidence suggests that testosterone may play a role in fetal programming of hypertension by interrupting the renin-angiotensin system systemically or locally [39] or impairing vascular relaxation of nitric oxide in resistance artery [40] . The clinical importance of maintaining normal testosterone during pregnancy, together with the indispensability of placental androgen production in rodent pregnancy, inspired us to uncover the cause of elevated testosterone levels in pregnant rats with gestational protein restriction. In this study, we hypothesized that elevated testosterone levels in response to gestational protein restriction were caused by enhanced expression of steroidogenic enzymes or impaired expression of Hsd17b2, a known testosterone inactivator that converts testosterone to androstenedione in the placenta. The expression of steroidogenic genes (Cyp11a1, Cyp17a1, Hsd3b1, Hsd17b2, and Srd5a1) in LZ and JZ was analyzed by quantitative real-time PCR. Our study determined the effects of protein restriction, day of pregnancy, and/or gender of placenta on these gene expressions.
MATERIALS AND METHODS

Animals
All procedures were approved by the Animal Care and Use Committee at the University of Texas Medical Branch at Galveston and were in accordance with those guidelines published by the U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996). Virgin female Sprague-Dawley rats (Harlan Sprague Dawley, Houston, TX) weighing between 175 and 225 g were mated with male Sprague-Dawley rats. Day 1 of pregnancy was established when conception was confirmed by observation of a vaginal copulation plug or the presence of sperm in the vaginal flush. Pregnant rats were randomly divided into two dietary groups, housed individually, and fed a control (CT group, 20% protein) or low protein (PR group, 6% protein) diet until killed on Days 14, 18, or 21 of pregnancy (n ¼ 10 per diet per day of pregnancy). The isocaloric low-protein and normal-protein diets were obtained from Harlan Teklad (Madison, WI; catalog nos. TD.90016 and TD.91352, respectively). The animals were housed in a room with a controlled temperature and a 12-h light:dark cycle. During 0800-1000 h on Days 14, 18, and 21 of pregnancy, rats were anesthetized with carbon dioxide. Maternal blood was collected by cardiac puncture into a BD vacuum tube containing K 2 -EDTA. The LZ and JZ were dissected as described by Ain et al. [41] . Liquid nitrogen was used to snap-freeze LZ and JZ, which were stored at À808C until analyzed.
DNA Extraction from Fetal Extraembryonic Membrane and Sex Determination
Genomic DNA was extracted from frozen fetal membranes and tails of adult male and female rats with Qiagen DNeasy Blood & Tissue Kit (Qiagen Inc., Valencia, CA; catalog no. 69504), and all procedures were performed according to the instruction manual. Method used for sex determination were described previously [42] .
RNA Extraction and RT-PCR
Total RNAs from frozen JZ and LZ tissues (n ¼ 6 per diet per gender per day of pregnancy) were extracted using Qiagen RNeasy minikit (Qiagen; catalog no. 74104). The total RNAs were digested with RNA-free DNase I (Qiagen; catalog no. 79254), followed by a cleanup procedure. All procedures were performed according to the instruction manual. Complementary DNA (cDNA) was synthesized from 1 lg of total RNA by RT in a total volume of 20 ll using MyCycler Thermal Cycler (Bio-Rad Laboratories, Hercules, CA; catalog no. 170-9703) with the following conditions: 1 cycle at 288C for 15 min, 428C for 50 min, and 958C for 5 min.
Quantitative Real-Time PCR
Real-time PCR detection was performed on a CFX96 real-time PCR Detection System (Bio-Rad; catalog no. 184-5096). The primers were designed using Primer 3 Version 4 and are shown in Table 1 . Syber Green Supermix (Bio-Rad; catalog no.170-8882) was used for amplification of these genes. The mixture of reaction reagents was incubated at 958C for 10 min and cycled according to the following parameters: 958C for 30 sec and 608C for 1 min for a total of 40 cycles. Negative control without cDNA was performed to test primer specificity.
Gapdh served as an endogenous control to standardize the amount of sample RNA added to a reaction. TaqMan Gene Expression Assays for rat Gapdh (Rn01775763_g1) and supermix reagents were from Applied Biosystems (Carlsbad, CA). The mixture of reaction reagents was incubated at 508C for 2 min, heated to 958C for 10 min, and cycled according to the following parameters: 958C for 30 sec and 608C for 1 min for a total of 40 cycles. The relative expression of target genes was calculated by use of the threshold cycle (C T ) Gapdh/C T target gene.
Statistical Analysis
All quantitative data were subjected to least-squares analysis of variance using the general linear model procedures of the Statistical Analysis System (SAS Institute, Cary, NC). Data on gene expression were analyzed for effects of day of pregnancy, diet, gender of placenta, and their interaction. A P value of 0.05 or less was considered significant, whereas a P value greater than 0.05 but less than 0.10 was considered a trend toward significance. Data in gene expression are presented as least-squares means with overall standard errors.
RESULTS
Expressions of Steroidogenic Enzyme Genes in JZ in Response to Gestational Protein Restriction
The expression of Cyp11a1 in JZ was affected by day of pregnancy (P , 0.0001), with higher expression at Days 18 and 21 of pregnancy compared with that at Day 14 of pregnancy. The mRNA levels of Cyp11a1 in JZ were not affected by diet; however, its expression in female JZ was FIG. 1. Androgen production in rat placenta. The arrow indicates the direction of the converting process catalyzed by the enzyme. CYP11A1, cytochrome P450, family 11, subfamily a, polypeptide 1; HSD3B1, hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid delta-isomerase 1; CYP17A1, cytochrome P450, family 17, subfamily A, polypeptide 1; HSD17B2, hydroxysteroid (17-beta) dehydrogenase 2; SRD5A1, steroid-5-alpha-reductase, alpha polypeptide 1 (3-oxo-5 alpha-steroid delta 4-dehydrogenase alpha 1). higher than that in male JZ in PR rats at Day 21 of pregnancy (P , 0.05; Fig. 2A ).
The expression of Hsd3b1 in JZ was affected by day of pregnancy (P , 0.0001), with higher expression at Day 14 of pregnancy. The mRNA levels of Hsd3b1 were reduced by PR in male JZ at Day 14 of pregnancy, but they were not affected by diet. In addition, its expression in female JZ was higher than that in male JZ in PR rats at Days 14 and 21 of pregnancy (P , 0.05; Fig. 2B ).
The expression Cyp17a1 in JZ was affected by day of pregnancy (P , 0.0001), with higher expression at Day 14 of pregnancy. The mRNA levels of Cyp17a1 in female JZ were higher than those in male JZ in PR rats at Days 14 and 21 of pregnancy (P , 0.05). Their expression in female JZ were decreased (P , 0.05) by PR at Day 14 of pregnancy (Fig. 2C) .
Expression of Hsd17b2 in JZ and LZ in Response to Gestational Protein Restriction
In JZ, the expression of Hsd17b2 was not affected by gender and diet at Day 14 of pregnancy, but its expression was remarkably increased in both female and male JZs by PR at Days 18 and 21 of pregnancy (P , 0.05). At Day 18 of pregnancy, mRNA levels of Hsd17b2 were increased 1.6-and 2.1-fold by PR in female and male JZ, respectively. Similarly, at Day 21 of pregnancy, mRNA levels of Hsd17b2 were increased 2.4-and 4.7-fold by PR in female and male JZ, respectively (Fig. 3A) .
In LZ, the expression of Hsd17b2 was increased (P , 0.0001) 5.0-and 5.9-fold at Days 18 and 21 of pregnancy, respectively, compared with Day 14 of pregnancy. At Day 14 of pregnancy, the expression of Hsd17b2 was not affected by gender and diet. Its expression was significantly reduced (P , 0.01) in female and male JZs by PR at Days 18 of pregnancy and was also decreased (P , 0.01) in female JZ by PR at Day 21 of pregnancy. At Day 21 of pregnancy, in PR groups the expression of Hsd17b2 in LZ was higher in male than in female (P , 0.05; Fig. 3B) .
To compare the relative abundance of Hsd17b2 mRNAs in LZ and JZ, the ratio of Hsd17b2 mRNA levels in LZ to JZ was calculated for each group defined by day of pregnancy, gender, and diet, as shown in Figure 3C . In female placentas in the CT group, the ratio of Hsd17b2 mRNA levels in LZ to JZ was linearly increased from Day 14 to Day 21 of pregnancy (y 
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0.96). Similarly, in male placentas in the CT group, the ratio of Hsd17b2 mRNA levels in LZ to JZ was linearly increased from Day 14 to Day 21 of pregnancy (y ¼ 6.36x À 4.28; R 2 ¼ 0.96), while in male placentas in the PR groups, this ratio was increased from Day 14 to Day 18 of pregnancy but decreased thereafter (quadratic effect of day of pregnancy, y ¼À1.29x 2 þ 6.08x À 3.57; R 2 ¼ 1; Fig. 3C ).
Expression of Srd5a1 in Labyrinth Zone in Response to Gestational Protein Restriction
The expression of Srd5a1 was not affected by gender, day of pregnancy, or diet. At Day 14 of pregnancy, the expression of Srd5a1 in PR female LZ was higher than that in PR male LZ (P , 0.05; Fig. 4) .
DISCUSSION
This study for the first time reports that steroidogenic gene expressions in JZ were affected by maternal protein restriction in a gender-and time-dependent manner and that the expressions of Hsd17b2 in both JZ and LZ were affected by gestational protein restriction, with elevated expression in LZ 
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and reduced expression in JZ. The finding that only Hsd17b2 among the enzymes for androgen production was affected by gestational protein restriction suggests the importance of Hsd17b2 in the placental programming on hypertension in response to maternal protein restriction during pregnancy.
The most striking finding in this study is that gestational protein restriction reduced the expression of Hsd17b2 in the labyrinth zone. The expression of Hsd17b2 was reduced in both female and male LZ at Day 18 of pregnancy and female LZ at Day 21 of pregnancy. Interestingly, this reduction in gene expression occurs when placenta synthesizes and secrets the largest amount of androgen in late pregnancy [16] [17] [18] [19] . Not only is the LZ responsible for the nutrient transport from the maternal to the fetal side, but it is also emerging as a protective barrier at the maternal and fetal interface. For instance, the gradient expressions of Hsd11b2 [21] and Ido1 (indole 2,3-dioxygenase) [24] in the placenta build the corresponding barrier at the maternal and fetal interface to prevent fetal overexposure of glucocorticoids (cortisol) and monoamine, respectively. On the other hand, the impairment or insufficiency of these barriers results in fetal morbidity or mortality [21] . Similar to HSD11B2 and indole 2,3-dioxygenase in inactivating bioactive agents, in the rodents, placental HSD17B2 actively converts testosterone to androstenedione [43] . The fact that the expression of Hsd17b2 is interrupted by gestational protein restriction, with the assumption that HSD17B2 protein levels in the labyrinth are reduced by gestational protein restriction, supports the notion that more testosterone in the PR group can be synthesized and transported to the fetus because of the impaired function of HSD17B2. The increased testosterone levels may finally cause the fetal programming on hypertension, as our laboratory has accumulated data to support the role of testosterone in the fetal programming [40] .
In contrast to its expression in LZ, the expression of Hsd17b2 in rat JZ was increased by gestational protein restriction at both Day 18 and Day 21 of pregnancy. If the function of this enzyme is restricted to inactivating the sex hormones, one may suggest that more testosterone will be converted into androstenedione in the PR group than in the control. In reality, in situ hybridization demonstrated that the expression of Hsd17b2 is much weaker in JZ compared to LZ in late pregnancy [44] , which is consistent with the results of our real-time PCR analysis in this study. The mRNA levels of Hsd17b2 in JZ were comparable to those in LZ at Day 14 of pregnancy, and the ratios of mRNA levels in LZ to JZ were highly increased in both female and male placentas in CT groups at Days 18 and 21 of pregnancy, but the remarkable increase in the ratio was not seen in the PR groups (Fig. 3C) because of the reduced expression of Hsd17b2 in LZ (Fig. 3B ) and elevated expression of Hsd17b2 in JZ (Fig. 3A) at Days 18 and 21 of pregnancy. In addition, the growth of JZ and LZ was impaired in the PR groups in late pregnancy [42] . Therefore, it is reasonable that the increased Hsd17b2 in JZ in gestational protein restriction could not compensate for the reduction in Hsd17b2 expression in LZ, and thus the availability of testosterone to the fetus is increased. During the second half of pregnancy, the placental junctional zone synthesizes and releases androstenedione. In pregnant dams with gestational protein restriction, androstenedione of placental origin is converted to testosterone by HSD17B1, and maternal testosterone levels are elevated. Through the uteroplacental circulation, testosterone is transported into the placental junctional zone, where part of testosterone may be inactivated by HSD17B2. The rest of the testosterone in the placental labyrinth zone escapes the inactivation by HSD17B2 because of the reduced expression of Hsd17b2. Thus, presumably, the placental barrier of HSD17B2 that reduces testosterone availability to the fetus is compromised. As a result, testosterone at higher levels goes into fetal circulation and affects fetal growth and development, particularly cardiovascular development. The fetal overexposure to testosterone may initiate the process of fetal programming on hypertension. The thin arrow indicates the direction of the converting process catalyzed by the enzyme. The bold arrow denotes the changes in testosterone levels or Hsd17b2 expression, and the number of bold arrows indicates the magnitude of the changes.
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To date, the function of HSD17B2 in the placenta has not been completely understood. A recent mouse knockout study suggests the role of Hsd17b2 in the cellular organization in mouse placental development in addition to the canonical inactivation of sex hormones [45] . In our previous study, we did not find the obvious changes in the substructure of the rat placenta in response to gestational protein restriction [29] , which is consistent with the findings from other researchers [46] . Thus, under the conditions of gestational protein restriction, the effect of the impaired Hsd17b2 expression in LZ may be achieved not by the involvement in cellular organization but by the regulation of sex hormone production.
The androgen production in the placenta may not be altered by gestational protein restriction in rats. In general, the expressions of key enzymes in androgen production, Cyp11a1, Hsd3b1, and Cyp17a1 were not affected by protein restriction, except for the reduced expression of Hsd3b1 in male JZ by PR at Day 14 of pregnancy (Fig. 2B) . In addition, it is noteworthy that within the PR groups, the expression of Cyp11a1 in male JZ was lower than that in female JZ at Day 21 of pregnancy ( Fig. 2A) . Similarly, expression of Hsd3b1 was lower in PR male JZ at Days 14 and 21 of pregnancy (Fig. 2B) , and expression of Cyp17a1 was lower in PR male JZ at Day 14 of pregnancy (Fig. 2C) . Therefore, in response to gestational protein restriction, the substrates availability in this wellorchestrated cascade of enzymatic reactions (Fig. 1 ) may be less in male JZ than in female JZ. This phenomenon is apparently opposite to the earlier onset in occurrence and more severity of hypertension in male offspring programmed by gestational protein restriction [1] [2] [3] [4] [5] [6] [7] . The understanding of testosterone metabolism and function in fetal development, especially in late pregnancy, will be critical in revealing the mechanisms responsible for fetal programming on hypertension.
The limitation of this study is its lack of protein analysis due to there being no specific antibody for rat HSD17B2 available. The low sequence homology in the Hsd17b2 gene among different species, even between the mouse and the rat, contributes to the difficulty in studying this gene. Thus, the availability of an antibody for rat HSD17B2 protein will be very useful. In addition, conditional knockout and/or loss and gain function of Hsd17b2 may be an option in the study of this gene function.
In summary, results of the current study reveal that protein restriction reduced the expression of Hsd17b2 in rat LZ in late pregnancy, an effect that suggests the important role of Hsd17b2 in regulating the testosterone levels at the maternal and fetal interface. Based on this novel finding, we propose that the reduction in Hsd17b2 expression in LZ may allow more testosterone to reach the fetus, thus suggesting a mediating role for testosterone in the initiation of fetal programming on hypertension (Fig. 5) .
